Abstract. Mechanical stimuli are responsible for bone remodeling during orthodontic tooth movement. The role of mechanical stimulation in the regulation of the fate of bone mesenchymal stem cells (BMSCs) is of interest in bone regeneration and tissue engineering applications. However, the signaling pathway involved in strain-induced biochemical events in BMSCs is not well established and can be controversial. This study investigated strain-induced proliferation and differentiation of BMSCs, as well as the mechanism of mechanotransduction. BMSCs were exposed to continuous mechanical strain (CMS) of 10% at 1 Hz. The results showed that CMS reduced the proliferation of BMSCs and stimulated osteogenic differentiation by activating Runx2, followed by increased alkaline phosphatase (ALP) activity and mRNA expression of osteogenesis-related genes (ALP, collagen type I and osteocalcin). Furthermore, the phosphorylation level of extracellular regulated protein kinase (ERK)1/2 increased significantly at the onset of strain. However, the presence of U0126, a selective inhibitor of ERK1/2, blocked the induction of Runx2 and subsequent osteogenic events. These findings demonstrate that CMS regulated Runx2 activation and favored osteoblast differentiation through activation of the ERK1/2 signaling pathway. These results will contribute to a better understanding of strain-induced bone remodeling and will form the basis for the correct choice of applied force in orthodontic treatment.
Introduction
Mechanical loading is known to be an important factor in regulating the formation and renewal of bone in many biological events, such as orthodontic tooth movement. Orthodontic forces create both compression and tension sites in the periodontal ligament, causing bone synthesis and resorption, respectively, and ultimately tooth movement takes place (1, 2) . A number of studies have proved that different types of loading have different effects on bone cells. These effects depend on the magnitude, duration, frequency and mode of the strain (3) (4) (5) .
Recent evidence has indicated that the subsequent activation of bone mesenchymal stem cells (BMSCs) in response to orthodontic force may play a key role in the whole process (6) . BMSCs are force-sensitive cells and are capable of detecting, transducing and responding to an extracellular stimulus, with alteration in their biological characteristics (7) . Force-subjected BMSCs in periodontal ligament may differentiate into osteoblasts and at the same time osteoclasts, thus regulating bone regeneration and expected tooth movement. Nevertheless, the specific mechanobiological mechanism of orthodontic tooth movement has not been thoroughly studied.
The activation of specific transcription factors is essential for cellular commitment to a differentiation lineage. To date, many experiments have demonstrated the important role of Runx2 in regulating osteogenic differentiation (8) . As a component of the runt family of transcription factors, Runx2 is suggested to be the key in different signaling pathways involved in mechanotransduction (9, 10) . Runx2 can induce the synthesis of alkaline phosphatase (ALP), collagen type I (COLⅠ) and osteocalcin (OC) (11) , as well as the maturation of osteoblast phenotype.
Experimental evidence suggests that the mitogen-activated protein kinase (MAPK) pathway is essential at the beginning of osteoblast differentiation (12) . Critical members of the MAPKs include extracellular regulated protein kinase (ERK)1/2, which is an essential molecule for mechanotransduction (13) . Runx2 can be phosphorylated and activated by ERK1/2 pathways (14) . However, the distinct signal transduction pathway that links mechanical strain with the regulation of gene expression is not clear.
Our aim is to investigate the initial osteogenic effect of continuous mechanical strain on rat BMSCs and the key mechanism associated with osteodifferentiation of MSCs. In this study, we used the FX-4000T™ Tension Plus™ unit to mimic a mechanical environment which cells were subjected to at the CMS-induced tension site. The osteogenesis process was Osteogenic response of mesenchymal stem cells to continuous mechanical strain is dependent on ERK1/2-Runx2 signaling evaluated by the ALP activity assay, and the mRNA expression of osteogenic markers such as Runx2, ALP, COLI and OC. The function of ERK1/2 in mechanotransduction was studied by investigating the expression of phosphorylated ERK1/2 during CMS. That ERK1/2 functioned on Runx2 was examined by inhibition of ERK1/2 activity with U0126 pre-treatment.
Materials and methods
Harvest and culture of rat BMSCs. Rat BMSCs were isolated from the femurs and tibia of 3-month-old Sprague-Dawley rats. The cells were supplemented in α-modified Eagle's culture medium (HyClone) with 10% fetal bovine serum (FBS) (Invitrogen) and antibiotics (100 U/ml penicillin G and 100 µg/ml streptomycin sulfate), and finally incubated at 37˚C in a humidified incubator with 95% air and 5% CO 2 . The medium was refreshed every 3 days. After reaching 70-80% confluence, cells were subcultured or plated for subsequent experiments. BMSCs were identified as CD44(+), CD54(+), and CD34(-); furthermore, BMSCs cultured in adipogenic or osteogenic media differentiated into adipocytes and osteoblasts, respectively (data not shown). BMSCs between passages 3-6 were used in our experiments.
Application of continuous mechanical strain. BMSCs were seeded on Flexercell 6-well silicone rubber plates at a density of 2x10 4 /cm 2 . The cells were cultured for 24-48 h, allowing them to attach and reach 80% confluence. In this study, cells were subjected to mechanical strain of 10%, elongation at 1 Hz sinusoidal curve for 96 h, using the FX-4000T™ Flexercell Tension Plus™ unit (Flexercell International Corporation). Control cells were cultured on the same plates and incubated under the same conditions for the maximum stretching period.
MTT assay for cell proliferation. Cells with or without CMS for 24 and 48 h, were detached from the elastic silicone film and seeded on 96-well plates at a density of 1x10 4 /well. At 6 h, a 20 µl sample of MTT solution (5 g/l dissolved in PBS, Sino-American) was added to the 96-well plate and incubated at 37˚C for 4 h. The supernatant was then removed and 150 µl dimethylsulfoxide was added. After vibration to fully dissolve MTT formazan, the absorbance of samples was measured using a spectrophotometer at a wavelength of 490 nm (BioRad). Pure culture medium without BMSCs was used as the blank control. The number of viable cells was represented as the relative ratio of their absorbance to that of the blank.
Quantification assay of ALP activity. ALP activity of the cell lysate was measured using p-nitrophenylphosphate (pNPP), as described previously (15) . ALP activity was expressed as nmol p-nitrophenol produced per min/mg of total protein. Data were presented as fold changes over the non-loaded group at the respective time points.
ALP staining. The cultured cells were rinsed with pre-cooled PBS three times and fixed with 4% paraformaldehyde for 10 min at room temperature. Coloration was then assessed according to the manufacturer's instructions using the BCIP/ NBT Alkaline Phosphatase Color Development kit (Beyotime Institute of Biotechnology).
Real-time RT-PCR analysis.
After mechanical loading, cells were washed twice with ice-cold PBS. Total-RNA was extracted using TRIzol reagent (Invitrogen) and cDNA was reverse transcribed from mRNA with a RevertAid™ First Strand cDNA Synthesis kit (Fermentas) according to the manufacturer's instructions. Real-time PCR reaction was monitored by an ABI 7900HT system using SYBR ® Premix Ex Taq™ (Takara Bio, Inc.). The settings were as follows: denaturation at 95˚C for 10 sec, and then 40 cycles (10 sec at 95˚C, 30 sec at 60˚C). A dissociation curve was constructed to confirm that there was no non-specific amplification. mRNA expression of relevant genes were normalized to that of β-actin as a house-keeping gene, respectively. The primer sequences used in this study were as follows: β-actin, forward, 5'-CACCCGCGAGTACAACCT TC-3' and reverse, 5'-CCCATACCCACCATCACACC-3'; ALP, forward, 5'-TATGTCTGGAACCGCACTGAAC-3' and reverse, 5'-CACTAGCAAGAAGAAGCCTTTGG-3'; COLⅠ, forward, 5'-CAGGCTGGTGTGATGGGATT-3' and reverse, 5'-CCAAG GTCTCCAGGAACACC-3'; OC, forward, 5'-GCCCTGACT GCATTCTGCCTCT-3' and reverse, 5'-TCACCACCTTACT GCCCTCCTG-3'; Runx2, forward, 5'-ATCCAGCCACCTT CACTTACACC-3' and reverse, 5'-GGGACCATTGGGAACT GATAGG-3' .
Analysis of protein level by western blotting.
An equal amount of protein extract per sample was subjected to 10% SDS-PAGE and electro-transferred to nitrocellulose membranes. After blocking, membranes were probed with primary antibodies, followed by incubation with the ALP-linked IgG secondary antibody (1:500, Jackson Immunoresearch). The protein bands were visualized by NBT/BCIP substrates. The primary antibodies used in our experiment were as follows: anti-Runx2 (mouse monoclonal anti-Runx2, 1:500, Abcam); anti-ERK1/2 (rabbit monoclonal anti-p44/42 MAPK, 1:500, Cell Signaling Technology); anti-phospho-ERK1/2 [rabbit monoclonal anti-phospho-p44/42 MAPK (Thr 202/Tyr 204), 1:500, Cell Signaling Technology]. For normalization of protein levels, anti-α-tubulin (1:500, Santa Cruz Biotechnology, Inc.) was used. Runx2 levels were normalized to α-tubulin expression, and phospho-ERK1/2 to their respective total protein levels. RNA interference studies. The target mRNA sequence of Runx2-rattus (NM_053470.1) was searched in NCBI GenBank. Small interfering RNAs (siRNA) against rat Runx2 were designed and synthesized by GenePharma Biological Company (Shanghai, China). SiRNA which did not recognize any known homology of rattus genes was used as a negative control. After seeding on the Flexercell plate and reaching approximately 80% confluence, BMSCs were transfected with siRNA using Lipofectamine (Invitrogen) according to the manufacturer's protocol. The cells were then cultured for another 24 h before mechanical loading. Negative control (NC) groups were transfected with non-silencing siRNA instead of target siRNA.
Inhibition of ERK1/2 signal transduction pathway. In order to assess the role of the ERK1/2 signaling pathway in the straininduced differentiation of BMSCs, the selective inhibitor U0126 (Cell Signaling Technology) was used. Preliminary experiments showed that the optimal concentration of U0126 was 10 mM. Cells were pre-treated with U0126 for 1 h prior to the strain stimulus, and U0126 was present during the whole strain experiment. Mechanically stretched cells pre-treated with dimethylsulfoxide (DMSO) were used as a control group.
Statistical analysis.
Each experiment was performed a minimum of three times. The data were expressed as mean ± SD. Significant differences were determined using Student's t-test. A value of P<0.05 was considered statistically significant.
Results
The role of CMS in the proliferation of BMSCs. Compared to controls, CMS caused a significant change in proliferation. CMS decreased the proliferation of cells in the experimental group, and this trend was obvious with elongation of loading time (Fig. 1) .
Induction of osteogenesis through Runx2 by CMS.
To determine the osteogenic commitment of BMSCs, we examined the mRNA expression of certain osteogenic-related markers including Runx2, ALP, COLⅠ and OC. Runx2 mRNA level in the strain group showed a sharp increase at 6 h, with a 2-fold increase compared to the control group ( Fig. 2A ), but decreased with elongation of loading. The levels of ALP and COLⅠ were found to be upregulated later than Runx2, which reached its peak at 24 or 48 h ( Fig. 2B and C) . OC mRNA expression showed a significant increase at the onset of strain, but diminished quickly (Fig. 2D) . We then examined whether the upregulation of Runx2 mRNA was in accordance with its protein expression. Although not upregulated within 1 h, a sharp increase in Runx2 protein was observed at 6 h and remained elevated at 12 h (Fig. 2E and F) . To confirm early improved osteogenesis, we also tested ALP activity and its straining. In agreement with the above results, BMSCs subjected to CMS showed higher ALP activities (Fig. 2G) and deeper straining at 24 h (Fig. 3A and B) .
Since Runx2 plays an important role in osteoblast differentiation, we then investigated its function in strain-induced osteogenesis. We transfected BMSCs with Runx2-siRNA, and examined the effect of Runx2 downregulation (Fig. 4A) . Following Runx2-target siRNA treatment for 6 and 24 h, determination of BMSCs osteogenic capacity showed that Runx2 knockdown clearly inhibited the CMS-induced activation of marker genes (Fig. 4B-D) . In addition, the decreased expression of osteogenic markers was associated with lighter ALP straining in the siRNA treated group after 24 h ( Fig. 3C and D) .
To confirm that CMS could induce BMSCs into an osteoblastic lineage, we prolonged the loading time to 96 h and observed the mRNA expression of specific markers. The results showed that the levels of all detected genes returned to control levels or lower within 96 h ( Fig. 2A-D) .
Induction of ERK1/2 pathway by CMS.
The data showed that ERK1/2 was significantly phosphorylated within a short period after the onset of stimuli, reaching its maximum level at 30 min (Fig. 5) . The phosphorylation level then dropped gradually but still remained higher than the unstrained group after 2 h. After 6 h loading, the level of phosphorylated ERK1/2 almost returned to baseline and was lower than the unstrained group.
Induction of osteogenesis through the ERK1/2-Runx2 pathway by CMS.
To address whether the accumulation of ERK1/2 was paralleled by CMS-induced osteogenesis, we assessed the expression of osteogenic-related genes in the presence of U0126, a potent and selective inhibitor of ERK1/2 kinase. A MTT viability assay demonstrated that the inhibitor had no cytotoxic effects on cells (data not shown). Pre-treatment with U0126 significantly blocked the strain-induced activation of ERK1/2 (Fig. 5) . In addition, a significant decrease in the protein level of Runx2 was observed (Fig. 6A) , with down-regulated levels of ALP, COLⅠ and OC mRNA in strained cells after 24 h (Fig. 6B-D) . Similarly, U0126 pretreatment decreased strain-stimulated ALP activity at 24 h (Fig. 3E and F) , suggesting that the ERK1/2-Runx2 pathway was involved in the transduction of external strain signals.
Discussion
It is well known that mechanical loading is a fundamental determinant of bone formation and reconstruction. It can be converted into a cellular response that involves rapid, kinasemediated changes in gene expression (16) . Physiological strains reported for daily activities in human long bones are of the order of 2,000-4,000 µ strain (17) . Orthodontic tooth movement induced by mechanical stimuli is dependent upon the remodeling capacity of local alveolar bone. Force may cause bone resorption and apposition in the pressure and tension sites, respectively. Recently, more attention has been placed on the diverse responses of bone cells (18, 19) . In this study, the magnitude of 10% (10,000 µ strain) was chosen according to stress analysis of the periodontal ligament under various orthodontic loadings (20) . The effect of mechanical loading on the proliferation of osteoblastic cells is controversial. Some studies have shown that an appropriate mechanical force can induce the growth of BMSCs (21), while others have shown the opposite findings (22) . Our findings suggested that the proliferation of BMSCs was suppressed by CMS, and this response was sensitive to stimuli duration. When considering the balance between BMSCs proliferation and their tissue-specific differentiation, the cessation of cell proliferation may mark the onset of osteogenic lineage commitment.
Runx2 is a key regulator which plays an important role in mastering the transcription of many genes involved in osteogenic differentiation, including ALP, COLⅠ, OC and osteopontin (23) . Our data were consistent with previous reports stating that mechanical stress induced the expression of the osteogenic transcription factor Runx2 at mRNA and/or protein levels (24) . The expression of ALP, COLI and OC were elevated following the early application of CMS. These results were in agreement with several reports which suggested that mechanical strain could enhance osteogenesis via up-regulation of several osteoblastic genes under the regulation of Runx2 (25) . When treated with Runx2-target siRNA, certain osteogenic-related genes were significantly decreased. These data demonstrated that BMSCs underwent an early osteoblastic lineage, and Runx2 was the predominant activator responsible for this differentiation.
It should be noted that the levels of all detected genes returned to control levels or lower within 96 h. This could indicate that the CMS employed in our study may not totally induce BMSCs into an osteoblastic lineage; its effect was transient and it may have been a negative regulator with loading elongation.
The ERK1/2 pathway has been demonstrated to participate in mechano-transduction, turning extracellular mechanical signals into intracellular biological signals (26) . Our western blot analysis data revealed that the maximum level of ERK1/2 occurred 30 min after CMS, which confirmed the involvement of the ERK1/2 pathway. U0126 treatment produced a clear downregulation of Runx2, as well as osteogenic-related factors in BMSCs. This was consistent with the findings of previous studies (27, 28) , showing that Runx2 can be activated in vivo by ERK1/2 in response to mechanical stress. Since the MAPK family has been shown to be involved in signal transduction that triggers osteoblast differentiation, the present data indicated that CMS could produce a sustained ERK1/2 induction of Runx2 activation, and this promoted the osteogenic differentiation of BMSCs (Fig. 7) .
In summary, we explored the influence of CMS on mesenchymal cell proliferation and osteogenic differentiation. Continuous short-term mechanical stimuli induced the differentiation of BMSCs toward an osteogenic phenotype associated with cessation of proliferation. Runx2 was shown to be the key factor in osteoblastic differentiation, which could be regulated by ERK1/2. Inhibition of ERK1/2 signaling reduced differentiation of BMSCs into osteoblasts. Increasing evidence for mechanical stimulation as a regulator of osteogenic differentiation, and identification of the relative mechano-transduction pathways are important guides for orthodontic treatment to promote local bone remodeling following orthodontic tooth movement. 
